Duclay J, Pasquet B, Martin A, Duchateau J. Specific modulation of spinal and cortical excitabilities during lengthening and shortening submaximal and maximal contractions in plantar flexor muscles. J Appl Physiol 117: 1440 -1450 , 2014 . First published October 16, 2014 doi:10.1152/japplphysiol.00489.2014.-This study investigated the influence of the torque produced by plantar flexor muscles on cortical and spinal excitability during lengthening and shortening voluntary contractions. To that purpose, modulations of motor-evoked potential (MEP) and Hoffmann (H) reflex were compared in the soleus (SOL) and medial gastrocnemius (MG) during anisometric submaximal and maximal voluntary contraction (MVC) of the plantar flexor muscles. For the submaximal shortening and lengthening contractions, the target torque was set at 50% of their respective MVC force. The results indicate that the amplitudes of both MEP and H-reflex responses, normalized to the maximal M wave, were significantly (P Ͻ 0.05) lower during lengthening compared with shortening submaximal contraction. For these two parameters, the reduction reached, respectively, 22.1 and 31.9% for the SOL and 34.5 and 29.3% for the MG. During MVC, normalized MEP and H reflex of the SOL were both reduced significantly by 19.9% (P Ͻ 0.05) and 29.9% (P Ͻ 0.001) during lengthening and shortening contraction, respectively, whereas no significant change (P Ͼ 0.05) was observed for MG. In addition, the silent period in the ongoing electromyogram (EMG) activity following the MEP was significantly (P Ͻ 0.01) briefer during lengthening than shortening contractions but did not differ (P Ͼ 0.05) between contraction intensities and muscles. Together, these results indicate that cortical and spinal mechanisms involved in the modulation of muscle activation during shortening and lengthening contractions differ between synergistic muscles according to the torque produced. Data further document previous studies reporting that the specific modulation of muscle activation during lengthening contraction is not torque dependent.
IN CONTRAST to isolated muscle in animal experiments, where greater force is usually recorded in lengthening than isometric contractions, human studies indicate that maximal voluntary lengthening torque is not always greater than isometric torque (1, 43, 45) . In most studies, but not all (4, 12) , this contrasting finding has been related to an incomplete muscle activation during lengthening contraction (3, 4, 12, 24, 39, 44) . Concurrently, a reduction in the size of the motor-evoked potential (MEP), elicited by transcranial magnetic stimulation (TMS) of the motor cortex, has been reported during lengthening compared with isometric and shortening MVCs for both upper (18) and lower limb muscles (11) . This observation suggests that the excitability of the corticospinal pathway is depressed during lengthening MVCs. Furthermore, lengthening MVCs have been associated in the elbow flexor muscles with a reduced amplitude of the cervicomedullary motor-evoked potential (CMEP) induced by electrical stimulation of the spinal cord at the mastoid level (18) . As the decrease in both biceps brachii and brachioradialis was significantly greater for the CMEP, which bypasses cortical neurons, than for the MEP, it has been proposed that the reduced corticospinal excitability observed during lengthening contraction involved mainly inhibitory mechanisms acting at spinal level. This suggestion is supported by studies showing that the excitability of the spinal pathway, tested by the Hoffmann reflex (H reflex), an electrophysiological response induced by the electrical stimulation of the Ia afferents originating from muscle spindles, is decreased in the soleus (SOL) muscle during a similar contraction (9, 11, 28) . In contrast, the MEP/CMEP ratio, which can be considered as an index of cortical excitability (42) , was significantly increased during lengthening MVCs (18) . Consistent with these results, we recently reported that the decrease in MEP amplitude in the SOL was associated with a briefer silent period in the ongoing EMG activity, which follows the MEP response (11) . Such reduction in the silent period duration is usually considered as a decrease in intracortical inhibition. Furthermore, by using paired-pulse TMS, Howatson and colleagues (22) found that interhemispheric inhibition was significantly reduced and intracortical facilitation in the ipsilateral cortex that controls wrist flexors was increased during lengthening but not shortening actions. Taken together, these observations suggest that the relative contributions of both cortical and spinal mechanisms to the modulation of muscle activation differ between the two contraction types (7, 8) .
In the past, an often evoked suggestion for the lower voluntary activation during lengthening MVC was the intervention of a tension-regulating mechanism that would protect the muscle-tendon unit against excessive tension (3, 44) . However, when performing submaximal lengthening contractions with the plantar flexor muscles, thereby reducing muscle tension, the decrease in voluntary activation was still observed in the SOL (33) . In addition, similar changes in MEP and CMEP responses between submaximal and maximal voluntary contractions of the elbow flexors have been observed during lengthening and isometric contractions (18) . Consequently, these observations discount a role for a tension-related inhibitory mechanism and question the underlying mechanisms responsible for the modulation of muscle activation during both submaximal and maximal lengthening contractions (7).
Despite similar behaviors having been reported for MEP and H-reflex amplitudes during lengthening contractions at submaximal and maximal intensities in various muscles (2, 9, 11, 28, 35, 40) , some differences exist depending on the modality of the task being performed (8) . Since different conditions (muscle contraction intensity, modalities of action, mono-vs. biarticular muscles, etc.) were used, and the modulation of the H-reflex and MEP responses were not always investigated in the same study, the available information is not clear-cut enough to demonstrate whether the same regulatory mechanisms are involved to modulate muscle activation during submaximal and maximal lengthening contractions.
The aim of the current study was therefore to investigate whether cortical and spinal mechanisms involved in the modulation of muscle activation during shortening and lengthening isokinetic contractions are dependent on the amount of torque produced. This modality of movement was chosen because it permits for the maintenance of relatively constant torque during the entire movement (31) . We hypothesized that the decrease in cortical and spinal excitability during lengthening compared with shortening contractions is not restricted to maximal efforts and that the specific activation observed during lengthening contractions is not torque dependent.
METHODS

Subjects
Eleven healthy males (age 30.6 Ϯ 7.2 yr, means Ϯ SD), with no history of neurological injuries or diseases, gave written informed consent to participate in this study. Approval for the project was obtained from the Ethics Committee of the "Centre Hospitalier Universitaire Brugmann". All procedures used in this study conformed to the Declaration of Helsinki.
Measurements
Study design. All subjects attended three experimental sessions; each session separated by at least 3 days. The modulation of corticospinal excitability was assessed during maximal (experiment A) and submaximal (experiment B) shortening and lengthening contractions. The effects of muscle contraction type (shortening or lengthening) on spinal excitability during maximal and submaximal anisometric contractions were investigated (experiment C). The order of experiments was randomized among subjects. In a subgroup of subjects (n ϭ 6), a complementary study (experiment D) investigated the modulation of the corticospinal and spinal excitabilities for the two contraction types when the angle of knee joint was increased, placing the medial gastrocnemius (MG) in a more lengthened initial position. All subjects were asked to avoid strenuous exercise for 48 h before each testing session.
Mechanical data. Ankle joint torque produced during voluntary plantar flexion at constant angular velocity (20°/s) was measured using a motor-driven computer-controlled ergometer (Type HDX 115C6; Hauser Compax 0260M-E2; Offenburg, Germany) while subjects were seated with the knee joint flexed at 60°(0°ϭ full extension) in experiments A, B, and C and with the knee fully extended in experiment D. Measurements were made on the right foot, and the ankle joint was aligned with the motor axis. The torque signal was amplified and filtered (bandwidth DC-300 Hz; AM 502; Tektronix, Beaverton, OR). Subjects were securely stabilized by a belt across the abdomen. To avoid changes in MEP (26), M-wave or H-reflex (16) size due to variation in muscle length, stimulation was always delivered as the joint angle passed through 0°in both shortening and lengthening conditions. The range of motion for ankle angle was 30°, from Ϫ15°(dorsiflexion) to ϩ15°(plantar flexion). Each contraction type was performed separately.
Stimulation. TRANSCRANIAL MAGNETIC STIMULATION. MEPs were elicited in SOL and MG muscles by TMS (Magstim 200 stimulator, Dyfed, UK) with a circular coil (130-mm outer diameter) orientated so that anterior-posterior directed current was delivered to the left motor cortex. The stimulus site providing the greatest amplitude for SOL evoked response was identified. Throughout the experiment, the coil was maintained in place with the subject's head secured in a custom-made headrest.
TIBIAL NERVE STIMULATION. Rectangular electrical stimuli were delivered to the posterior tibial nerve to evoke H-reflex and M-wave responses in SOL and MG (pulse duration: 1 ms; Digitimer stimulator, model DS7, Hertfordshire, UK). The cathode (8-mm-diameter silver disk electrodes) was placed in the popliteal fossa and the anode (8-mm-diameter silver disk electrodes) over the patella. The stimulation site providing the greatest amplitude of the evoked response was first located by a hand-held cathode ball electrode (0.5-cm diameter). Once determined, the stimulation electrode was firmly fixed to this site with straps and tape.
Electromyography. EMG activity was recorded from the SOL, MG, and tibialis anterior (TA) muscles using pairs of silver disk electrodes of 8-mm diameter (interelectrode distance: 3 cm). The SOL and MG electrodes were placed on the muscle belly to obtain the greatest M-wave amplitude in response to tibial nerve stimulation (11) . Because lengthening and shortening plantar flexors torques can be affected differently by antagonist muscle activity, the EMG activity of the TA was also recorded. The TA electrodes were positioned at one-third of the distance between the fibula and the tip of the medial malleolus (20) . The location of each electrode was marked on the skin with indelible ink, so that electrodes could be replaced from session to session. All EMG signals were amplified (ϫ1,000) and filtered (10 Hz to 1 kHz) by a custom-made differential amplifier. The signals were acquired on a personal computer at a sampling rate of 5 kHz with a data-acquisition system and analyzed off-line by using the AcqKnowledge analysis software (Model MP 150, Biopac Systems, Santa Barbara, CA).
Experimental Protocol
Part of this experimental protocol has been more completely described in a previous paper (11) .
EXPERIMENTS A AND B. To investigate corticospinal excitability modulations, input-output curves (6) for MEP evoked in both SOL and MG were constructed when subjects performed shortening and lengthening maximal (experiment A) and submaximal (experiment B) contractions. The stimulus intensity was increased in steps of 10% motor threshold intensity (MT intensity), defined as the intensity where three of four evoked responses were detected above background EMG levels while the subject maintained a contraction of 30% MVC torque with the plantar flexor muscles (36) . For each stimulus intensity, subjects were asked to perform four shortening or lengthening contractions with at least 1-min rest between two contractions. When MEP amplitudes varied excessively (coefficient of variation Ͼ 5%), additional contractions were performed. During experiment A, each anisometric contraction began with a maximal isometric preactivation of ϳ1 s; the subjects were then required to maintain a maximal contraction throughout the whole range of motion. During experiment B, subjects were asked to perform a submaximal anisometric contraction according to the protocol proposed by Pasquet et al. (31) . Briefly, maximal isometric plantar flexion torque was first determined at short (ankle angle of ϩ15°) and long (ankle angle of Ϫ15°) muscle length. Torque target was set at 50% of the corresponding MVCs for these two muscle lengths. The subjects had to perform the following tasks: 1) sustain an isometric plantar flexion at the target torque for the long (shortening trials) or short (lengthening trials) muscle length for 2 s, 2) assist the motion with the plantar flexors and smoothly reach the target torque for the short or long muscle length at the end of the movement, and 3) sustain an isometric plantar flexion at the target torque for the short (shortening trials) or long (lengthening trials) muscle lengths. To accomplish the tasks, subjects were provided with visual feedback on a digital oscilloscope of the actual torque and the torque targets for the two muscle lengths. This cycle was repeated at least 10 times depending on the ability of the subject to perform the task accurately.
EXPERIMENT C. To investigate spinal excitability modulations, the following experimental protocol, which has been presented in more detail elsewhere (11), was conducted. Stimulus intensity necessary to obtain maximal SOL H reflex (H max) was determined during passive shortening and lengthening actions and was subsequently used to evoke H reflex during submaximal and maximal shortening and lengthening voluntary contractions. H-reflex amplitude corresponding to 80% of the maximal SOL H reflex (H 80) was also investigated because it lies in the ascending part of the H-reflex recruitment curve and could thus be more sensitive to increase or decrease than the Hmax (see 32). A supramaximal [150% of maximum M wave (Mmax)] stimulus intensity was used during contractions. Anisometric contractions were performed with the same protocol as described in experiments A and B for submaximal and maximal contractions, respectively. As for experiments A and B, each anisometric contraction departed from an isometric contraction at the corresponding starting ankle joint angle. For each contraction type, subjects were asked to perform 12 submaximal and 12 maximal contractions (4 for each of the following recordings: H 80, Hmax, and Mmax). If the H80, Hmax, or Mmax amplitudes varied excessively (coefficient of variation Ͼ 5%), additional contractions were performed. Two maximal voluntary shortening and lengthening dorsiflexions were performed to measure the magnitude of antagonist TA coactivation.
EXPERIMENTS D. In the last set of experiments, designed to examine the modulation of the corticospinal and spinal excitabilities during anisometric actions when the MG was in a more lengthened position, the subjects (n ϭ 6) performed the same protocol as described above, except that the knee was placed in a fully extended position. H max, Mmax, and MEPmax were recorded during submaximal and maximal contractions.
Data analysis
Muscle torque. For the submaximal and maximal contractions, the torque produced by the plantar flexors during shortening and lengthening contractions was recorded at 0°prior to the stimulations. The plantar flexor torque was computed as the mean value recorded over all trials for each contraction type in each experimental session.
EMG activity. SOL and MG EMG activities were quantified with root mean square (RMS) values of the EMG signal over a 500-ms period prior to the stimulation and were normalized to the mean amplitude of the Mmax (RMS/Mmax) obtained during the same contraction type and intensity. This normalization procedure was used to control for contraction-related changes at muscle level. For each experiment and contraction type, the mean value over all trials was considered to represent SOL and MG EMG activities. TA RMS prior to the stimulation was also analyzed during the same period of time.
To quantify coactivation during shortening trials, TA RMS obtained during shortening plantar flexions was normalized to lengthening dorsiflexion MVC, whereas to quantify coactivation during lengthening trials, TA RMS recorded during lengthening plantar flexions was normalized to shortening dorsiflexion MVC (19) . For each experiment, a mean value of coactivation was computed over all trials for each contraction type.
Evoked potentials. MEP. For both SOL and MG, the MEP peakto-peak amplitude was measured for all intensities of stimulation (from MT intensity to an intensity necessary to obtain maximal MEP that corresponds to 50 -70% above MT intensity for each subject). The To assess potential changes in intracortical inhibition, the silent period in the ongoing EMG following TMS was analyzed during the anisometric contractions. The duration of the silent period was taken as the time interval from the stimulus artifact to the return of continuous EMG (5). For both SOL and MG, the end of the silent period was determined when the corresponding rectified EMG activity reached a value within two standard deviations of the rectified mean EMG signal recorded during ϳ1 s just before the contraction. For the two muscles, the relation between the duration of the silent period and the stimulus intensity was constructed from the mean value of four responses and Boltzmann sigmoidal function [see Duclay et al. (11) for the equation] was used to fit the data points. Only the maximal silent period values defined by the function (SP max) are reported. Because the duration of the silent period can be influenced by the size of the MEP (29), we computed the relation between these two parameters and the slope (SP max/MEPmax ratios) for both shortening and lengthening contractions.
HMAX AND MMAX. The average values from four responses were calculated to determine the following parameters during submaximal and maximal contractions: peak-to-peak amplitude of Hmax, H80, and Mmax. The H80/Mmax and Hmax/Mmax ratios were computed for both SOL and MG muscles and used to measure spinal modulation during shortening and lengthening contractions. The M wave elicited concomitantly with the H max (MHmax), a small fraction of the Mmax (MHmax/Mmax, ratios), was measured to control the stability of the stimulus intensity (37) . Finally, the MEP max/Hmax ratio was computed to measure the relative changes between spinal and corticospinal modulations.
Statistical analysis. All data are presented as means Ϯ standard error (SE). The normality of the data was confirmed using the Shapiro-Wilks W test. Separate three-factor [session (experiment A vs. experiment B vs. experiment C) ϫ contraction type (shortening vs. lengthening) ϫ contraction intensity (submaximal vs. maximal)] ANOVA with repeated measures on contraction intensity and muscle action type were used to compare muscle torque, RMS/M max, and M max for both SOL and MG, and coactivation level. Separate twoway repeated measures ANOVAs were used to test differences between contraction type (shortening vs. lengthening) and contraction intensity (submaximal vs. maximal) for MEP max/Mmax, SPmax, SPmax/ MEP max, MEPmax/Hmax, H80/Mmax, Hmax/Mmax, and MHmax/Mmax for both SOL and MG. When main effect or interaction was found, a post hoc analysis was made using the Tukey test. ANOVAs and post hoc tests were performed using Statistica (Statsoft, version 10, Statistica, Tulsa, OK). Significance was accepted at P Ͻ 0.05.
RESULTS
Methodological issues.
During submaximal contractions, modulations of MEP and H reflex may depend on both the torque produced and the plantar flexor EMG activity (18, 28) . Because it is not possible to simultaneously match SOL EMG activity and torque during shortening and lengthening contractions, subjects were first subdivided into two groups based on their EMG activity. Subjects with a difference in EMG RMS between shortening and lengthening submaximal contraction lower than 10% were assigned to the "EMG group" (n ϭ 6) and the others to the "Torque group" (n ϭ 5). Separate two-factor [group (EMG group vs. Torque group) ϫ contraction type (shortening vs. lengthening)] ANOVA with repeated measures on muscle action type were used to compare EMG activity, torque, silent period duration, MEP, and H reflex between shortening and lengthening contractions. SOL EMG activity was significantly (P Ͻ 0.05) lower for the Torque group during lengthening than during shortening actions, whereas no significant (P Ͼ 0.05) difference was found for the EMG group (Table 1) . In contrast, MG EMG activities were similar (P Ͼ 0.05) between shortening and lengthening contractions regardless of the group. As no group effect was obtained for torque, silent period (SP) duration, MEP, and H reflex (Table 1) , data from the two groups were collapsed before further analysis.
During each experiment, subjects performed several voluntary contractions that may have induced fatigue. To minimize this potential effect, stimuli were delivered in randomized order across subjects and muscle contraction types. For some subjects (7 out of 11), isometric MVC torques were compared between the beginning and the end of the experiment A that required the greatest number of contractions. Although fatigue induced a small decrease in isometric MVC torque (from 105.6 Ϯ 8.6 to 99.2 Ϯ 10.2 Nm), this difference was not statistically significant (P Ͼ 0.05), suggesting that the impact of fatigue cannot explain the observed MEP and H-reflex modulations.
Torque and EMG activity. The MVC torque produced during shortening contractions was lower than during lengthening contractions, whereas submaximal torque did not differ that much between contraction type, as illustrated for one subject in Fig. 1 . When data from the three sessions were collapsed, the mean MVC torque exerted in shortening contractions was 20.9% lower (P Ͻ 0.001) than in lengthening contractions. No significant (P Ͼ 0.05) difference was observed between submaximal shortening and lengthening torque values, despite that slightly greater torque was produced during the latter contraction type (Table 2 ). In contrast, both SOL and MG EMG activity (RMS/M max ) were not significantly different between shortening and lengthening action regardless of the torque produced (Table 2) . For this parameter, SOL and MG EMG activity during both shortening and lengthening actions were increased from submaximal contraction to MVC (P Ͻ 0.001). Similarly, no contraction-type and session effect was observed for muscle coactivation as the joint angle passed through 0°during shortening and lengthening contraction ( Table 2) .
Motor-evoked potential. As illustrated for one subject in Fig.  2A , the amplitude of the MEP max for the SOL was lower (P Ͻ 0.01) in lengthening than in shortening actions for both submaximal and maximal contractions. Mean values were 2.8 Ϯ 0.3 mV and 2.1 Ϯ 0.2 mV for submaximal contractions and 2.6 Ϯ 0.2 mV and 2.2 Ϯ 0.3 mV for MVCs during shortening and lengthening, respectively. For MG, MEP max amplitude was smaller (P Ͻ 0.05) in lengthening than in shortening submaximal contractions, while no contraction-type effect (P Ͼ 0.05) was obtained during MVCs. Mean values were 1.9 Ϯ 0.3 mV and 1.2 Ϯ 0.2 mV for submaximal contractions and 2.2 Ϯ 0.3 mV and 2.1 Ϯ 0.2 mV for MVCs in shortening and lengthening contractions, respectively.
For SOL, the mean MEP max /M max was significantly (P Ͻ 0.01) reduced by 22.1 and 19.9% during lengthening compared with shortening submaximal and maximal contractions, respectively (Fig. 2B ). For MG, this ratio was significantly reduced (P Ͻ 0.05) by 34.5% during submaximal lengthening contractions but did not differ (P Ͼ 0.05) for the two contraction types during MVCs (Fig. 2D) . Consequently, the MG MEP max /M max ratio was significantly (P Ͻ 0.05) increased from submaximal to MVC during lengthening actions.
The effect of contraction type on SOL and MG MEP max / M max ratios did not differ between knee positions. When the knee was fully extended (experiment D), the SOL MEP max / M max ratio was significantly (P Ͻ 0.05) reduced during lengthening compared with shortening submaximal and maximal contractions. These decreases in MEP max /M max ratios were similar to those observed when the knee was flexed (experiments A and B). In contrast, no muscle contraction-type effect was observed for MG MEP max /M max during maximal contractions (P Ͼ 0.05), whereas this ratio was significantly lower in lengthening than in shortening submaximal contractions (P Ͻ 0.05).
Silent period. The mean SP duration that follows the MEP max for both SOL and MG were not significantly (P Ͼ 0.05) affected by the intensity of the contraction. As illustrated for one subject in Fig. 3 , A and C, SP max was significantly (P Ͻ 0.01) briefer in lengthening than in shortening contractions for both SOL and MG (Fig. 3, B and D) . The SP max /MEP max ratios were significantly (P Ͼ 0.05) lower in shortening than in lengthening contractions regardless of the contraction intensity for the SOL (Fig. 4A) , but not for the MG.
H reflex. As illustrated for one subject in Fig. 5 during both submaximal and maximal contractions, the amplitude of the SOL H reflex (Fig. 5A ) was lower during lengthening than during shortening contractions, whereas no significant muscle contraction-type effect was observed for MG during MVC (Fig. 5C ). For SOL, the H max /M max ratio was significantly reduced during lengthening contractions compared with shortening contractions, on average by 31.9 and 29.9% during submaximal contractions and MVCs, respectively (P Ͻ 0.001) (Fig. 5B ). For MG, the H max /M max ratio was significantly lower during submaximal lengthening than shortening contractions (P Ͻ 0.05), whereas no significant difference (P Ͼ 0.05) between muscle contraction types was observed during MVCs (Fig. 5D) . As a consequence, MG H max /M max increased significantly from submaximal to MVC during lengthening contractions (P Ͻ 0.05), whereas no contraction intensity effect was found during shortening contractions (P Ͼ 0.05). Similar results were observed for submaximal H reflex (H 80 /M max ). For SOL, H 80 /M max decreased significantly (P Ͻ 0.05) during lengthening compared with shortening contractions regardless of contraction intensity, whereas this contraction-type effect was obtained only during submaximal contraction for the MG (Table 2) . Furthermore, it is worth noting that, regardless of contraction intensity, similar adjustments according to the contraction type were observed for submaximal (H 80 ) and maximal (H max ) responses in the plantar flexors, suggesting that H max was not saturated and could be used to investigate changes in spinal excitability. For both SOL and MG, the M Hmax /M max ratios were not significantly affected by contraction type and intensity (P Ͼ 0.05) ( Table 2) .
When the knee was fully extended (experiment D), the SOL H max /M max was also lower during lengthening than during shortening submaximal and maximal contractions (P Ͻ 0.05). For this condition, no contraction-type effect was observed for the corresponding MG ratio during MVC (P Ͼ 0.05), whereas this ratio was significantly reduced in lengthening than in shortening submaximal contractions (P Ͻ 0.05).
MEP max /H max was significantly (P Ͻ 0.05) reduced in shortening compared with lengthening contractions regardless of the contraction intensity for the SOL (Fig. 4B) but remained unchanged for the MG. This means that the reduction in amplitude of the evoked potentials during both submaximal and maximal lengthening contractions was greater for the H reflex than for the MEP for the SOL, whereas modulations in MEP and H-reflex amplitudes were similar for the MG according to the contraction type.
DISCUSSION
The main finding of the study was a decrease in both H-reflex and MEP amplitudes normalized to M wave for the SOL regardless of the contraction intensity but not for the MG for which the ratios only decrease during submaximal lengthening contractions. These results indicate that the specific modulation of muscle activation during a lengthening contraction is not associated with the torque produced, despite the fact that the relative contribution of both cortical and spinal mechanisms to this modulation differ between SOL and MG.
Methodological Considerations
The main purpose of this study was to investigate the effect of the contraction intensity on corticospinal excitability. To perform standardized submaximal contractions, subjects were instructed to match visual feedback for torque (31) . However, in a previous study, Gruber and colleagues (18) showed contrasting modulation of the corticospinal excitability during submaximal lengthening compared with isometric contractions depending of the type of feedback (force vs. EMG). A signif- Fig. 3 . Changes in silent period (SP) during anisometric submaximal and maximal contractions. Illustration, in a typical subject, of the silent period in the ongoing (rectified) EMG activity that follows the MEP during lengthening (A) and shortening (C) contractions. The SP was measured from the stimulus artifact (vertical arrow) to the resumption of EMG activity. The end of the SP was determined when rectified EMG activity reached the mean value extended by 2 standard deviations of the rectified EMG signal recorded during ϳ1 s when subject was at rest before the contraction (Resting EMG). Modulations of maximal silent period (SPmax) during submaximal (filled bars) and maximal (open bars) lengthening and shortening contractions are shown (n ϭ 11; means Ϯ SE) for both SOL and MG in B and D, respectively. ***Significant difference at P Ͻ 0.001: lengthening vs. shortening. icant reduction in MEP max /M max was found during lengthening contractions when the EMG activity was matched between isometric and lengthening contractions, whereas no difference was observed when the torque was matched (18) . These results suggest that changes in corticospinal excitability during lengthening contractions may be influenced by difference in ongoing EMG activity. In the current study, the EMG activity prior to the stimulation differed for some subjects between lengthening and shortening contractions. However, our data do not support the finding of Gruber et al. (18) . Indeed, when all subjects were considered, the EMG activities of both SOL and MG were not significantly different between lengthening and shortening contractions regardless of contraction intensity. Furthermore, modulations of both MEP and H-reflex responses according to the contraction type remained similar when subjects were subdivided into two groups (EMG vs. Torque) when difference in shortening and lengthening submaximal contraction EMG activity was stratified between 10%. We are therefore confident that the reported data represent true physiological modulations and not the results of methodological issues.
Tension-Regulating Inhibitory Mechanism
Different research groups (1, 3, 39, 44) speculated that the specific muscle activation during lengthening contractions was due to inhibitory mechanisms from sensory receptors. These previous studies assumed that inhibition from Golgi tendon organs would depress the responsiveness of the motor neuron, thereby limiting the torque developed in the muscle-tendon unit and the risk of damage. However, this hypothesis that Golgi tendon organs are responsible for this protection was invalidated by studies performed in animals (21, 34) . In agreement, data from the current work and others studies (18, 33) do not support this tension-limiting hypothesis during eccentric contraction. Indeed, when the torque was reduced by performing submaximal contractions, the modulations of both spinal and corticospinal excitabilities during anisometric isokinetic contractions remained similar to the changes observed during maximal contractions for the SOL. Moreover, decreases in MG MEP and H-reflex responses during lengthening contractions reached statistical significance when tension in the MG muscle-tendon unit was reduced by performing submaximal instead of maximal contraction. In their study, Pinniger and colleagues (33) attributed the decrease of lengthening torque to an inherent characteristic of voluntarily activated lengthening muscle. In support of this interpretation, investigations in the spinal cat reported that Ib inhibition to soleus motor neurons is suppressed during strong contraction (25, 46) . Furthermore, studies performed in humans have reported that the Ib inhibitory pathway is depressed during isometric contractions (13, 14, 41) and that greater depression of the Ib inhibition was observed for stronger contractions (32). Although obtained during isometric contractions, these data suggest that a tension-related feedback mechanism may not be responsible for the decrease in responsiveness of motor neurons during lengthening MVCs. Although we do not exclude a role for Golgi tendon organs in the modulation of spinal excitability, all the evoked findings suggest that other neural mechanisms, located at both spinal and supraspinal levels, may be involved in the specific neural adjustments associated with lengthening contractions (7).
Modulation of Cortical and Spinal Excitabilities
The effect of muscle action type on corticospinal excitability has been investigated when subjects performed movements against a very low inertial load (2) or during a submaximal isokinetic (18) anisometric elbow flexion. These studies performed on upper limb muscles reported a decrease in MEP max / M max during lengthening compared with isometric or shortening contractions. However, this decrease was observed by Gruber and colleagues (18) only in a complementary study with very few subjects when the background EMG activity was matched between contraction types. Although lower limb muscles may be more sensitive to neural inhibitory mechanisms than upper limb muscles, findings from the current study confirm that corticospinal excitability is significantly lower for both SOL and MG during submaximal lengthening contractions at constant angular velocity with similar EMG activity. Comparable results were recorded during low torque contractions consisting in moving a constant load with the plantar flexors (40) . Our observation of a decrease in SOL MEP max / M max during lengthening contractions can be explained by inhibitory mechanisms located at both spinal and cortical levels that are active regardless of contraction intensity. Contrary to the SOL, the decrease in corticospinal excitability for the MG is absent when subjects performed MVCs, suggesting that the modulation of these neural inhibitory mechanisms may differ between synergistic muscles depending on contraction intensity. Although the existence of an inhibitory pathway projecting from MG to SOL has been demonstrated in humans (38) , it does not seem to explain the different behaviors observed between these synergist muscles for the following reasons: 1) the decrease in MEP amplitude for the MG was greater than for the SOL during lengthening submaximal contraction; 2) the SOL MEP was similarly reduced during both submaximal and maximal lengthening contractions, although the MG EMG activity increased at the same time; and 3) the SOL MEP did not change when the knee was fully extended, placing the MG muscle at a greater length, a condition that should favor the inhibitory effect on the SOL. Although our experimental design did not allow to directly assess intracortical inhibition, changes in SPs longer than 100 ms, as observed in the current study, might be considered as an index of cortical inhibition (23) . Regardless of contraction intensity, both SOL SP max and MEP max were reduced during lengthening compared with shortening contractions, with a proportionally greater reduction for MEP max . Although MEP and SP modulations may be correlated (11, 29) , the SP max /MEP max ratios suggest that the relation between cortical facilitation and inhibition remained relatively constant for the SOL at 50 and 100% MVC but differed between lengthening and shortening contractions. During maximal lengthening contractions, increase in cortical excitability has been previously suggested with indirect evidence and different methodological approaches (11, 18) . Data from the present study suggest that this enhanced motor cortical excitability is specific to lengthening contractions because a shorter SP was observed for both SOL and MG muscles during submaximal lengthening contractions. Therefore, regardless of the muscle contraction intensity the decrease in corticospinal excitability during lengthening contractions might not be associated with a greater intracortical inhibition, but depends more on the balance between inhibitory and excitatory mechanisms located at the spinal level as previously suggested for anisometric MVCs (11, 18) . This assumption is supported by the increased SOL MEP max /H max ratios observed during lengthening contractions that may be due to greater decreases in spinal than in corticospinal excitability despite the extra excitatory descending drive needed to compensate for spinal inhibition. For the MG, decreases in MEP and H-reflex amplitudes during submaximal lengthening and shortening contractions were similar, leading to constant MEP max /H max ratios regardless of the contraction type suggesting that, for MG, reduced corticospinal excitability depends on the decrease in spinal excitability.
In the literature, the relation between the size of the normalized MEP and the level of voluntary contraction has been investigated during isometric contractions with varying results according to the muscle investigated. When the intensity of an isometric contraction is increased, the MEP size was found to either decrease (15, 27) or plateau (18, 30) at a high contraction level. On the other hand, this relation is not currently established for lower limb muscles when anisometric contractions are concerned. Although this relation was examined in the present study with only two levels of voluntary contraction, the MEP max /M max ratios remained constant between submaximal (50% MVC) and maximal contractions (MVC) for the SOL regardless of contraction type, but increased for the MG during lengthening contractions. This similar or increased MEP size at high contraction intensities may be related to underlying changes occurring at the spinal level (18, 30) that differs between two synergist muscles during lengthening contractions.
Spinal excitability has been previously investigated through the analysis of H-reflex modulation during submaximal (17, 28, 35) and maximal (9) anisometric contractions. All these studies concluded that the transmission efficacy of afferent input to motor neurons is depressed during lengthening contractions, but its extent may depend on the muscle investigated (11). Moreover, this decreased spinal excitability may be reduced when the descending neural drive is increased (10) . For example, both SOL and MG H max /M max were increased from passive to weak (20% MVC) lengthening contractions, whereas no similar change occurred during shortening contractions (28) . Similar findings were reported recently by conditioning the H reflex with a subthreshold stimulation of the motor cortex area during a lengthening contraction (17) , suggesting that central mechanisms may regulate neural inhibition acting at spinal level during such contraction type. Although stronger submaximal anisometric contractions (50% MVC) were used in the current study, we still observed a significant decrease in H max /M max in lengthening compared with shortening contractions for both SOL and MG. Nevertheless, when the descending neural drive was increased by performing lengthening MVCs, H max /M max was enhanced significantly for MG but not for SOL, leading to a lack of contraction-type effect for MG H max /M max during MVCs as previously observed (9, 11) . Different pre-and postsynaptic inhibitory mechanisms may be involved in the specific neural control of lengthening contractions. Because the amount of coactivation was not significantly affected by contraction type or intensity, reciprocal inhibition cannot explain the modulations of the spinal excitability observed in our study. Further investigations are needed, however, to discriminate the relative contributions of the other inhibitory mechanisms to the decrease in spinal excitability observed during lengthening contractions.
In conclusion, the current study underscores the role of spinal inhibitory mechanisms in the modulation of the corticospinal excitability during lengthening contractions and extends the findings of previous work on this specific neural drive by showing that the involved inhibitory mechanisms are independent of the torque produced. Furthermore, depending of contraction intensity, corticospinal and spinal excitabilities are modulated differently between synergistic muscles during lengthening contraction.
